Decades of public health research have documented that smoking in pregnancy poses significant health risks to both mother and child. More recent studies have shown that even passive maternal exposure to secondhand smoke associates with negative birth outcomes. However, the mechanisms linking exposure to outcomes have remained obscure. As a first step toward defining the metabolic consequence of low-level nicotine exposure on fetal development, we conducted an untargeted metabolomic analysis of 81 paired samples of maternal serum and amniotic fluid collected from karyotypically normal pregnancies in the second trimester. By comparing the m/z and retention times of our mass spectral features with confirmed standards, we identified cotinine, a nicotine derivative, and used the calculated cotinine concentrations to classify our maternal serum samples into exposure groups using previously defined cut-offs. We found that cotinine levels consistent with low-level maternal exposure to nicotine associated with distinct metabolic perturbations, particularly in amniotic fluid. In fact, the metabolic effects in amniotic fluid of ostensibly lowlevel exposed mothers showed greater overlap with perturbations previously observed in the sera of adult smokers than did the perturbations observed in the corresponding maternal sera. Dysregulated fetal pathways included aspartate and asparagine metabolism, pyrimidine metabolism, and metabolism of other amino acids. We also observed a strong negative association between level of maternal serum cotinine and acetylated polyamines in the amniotic fluid. Combined, these results confirm that low-level maternal nicotine exposure, indicated by a maternal serum cotinine level of 2-10 ng/mL, is associated with striking metabolic consequences in the fetal compartment, and that the affected pathways overlap those perturbed in the sera of adult smokers.
Introduction
The link between maternal smoking and negative birth outcomes, including small-forgestational age birth, preterm delivery, stillbirth, and sudden infant death syndrome (SIDS) has been well documented over past decades by careful epidemiological studies (Cnattingius, 2004; Rogers, 2009) . Increased public awareness of the dangers of prenatal smoke exposure has led to a marked drop in the rate of maternal smoking in the United States (US) (Curtin & Matthews, 2016) . However, the percentage of pregnant women who are passively exposed to secondhand smoke, also known as environmental tobacco smoke, remains high. In one large study of exposure patterns in the US, 30% of participating women indicated that they were exposed to secondhand smoke just before or during pregnancy (Anderka et al., 2010) .
The full impact of low-level maternal smoke exposure on birth outcomes remains poorly understood, but a growing literature documents that the consequences of passive smoke exposure overlap those seen with active maternal smoking. Specifically, studies have associated maternal secondhand smoke exposure with low infant birth weight and congenital anomalies (Salmasi, Grady, Jones, McDonald, & Knowledge Synthesis, 2010) , increased risk of stillbirth, small infant head circumference (Crane, Keough, Murphy, Burrage, & Hutchens, 2011) , and SIDS (U.S. Department of Health and Human Services, 2006) . Prenatal exposure to tobacco smoke can be assessed in different ways. Historically, researchers simply asked mothers about exposure status; unfortunately, this approach was fraught with complications, especially when exposures were low or indirect (Polanska, Hanke, Laudanski, & Kalinka, 2007) . A more objective approach now available involves quantifying biomarkers of tobacco exposure directly in biological samples. One such marker is nicotine, the primary addictive component in tobacco smoke. Once absorbed into the blood stream, nicotine is quickly metabolized into cotinine, which has a half-life in blood of close to 16 hours. Because of its longer half-life, cotinine is often preferred over nicotine as a biomarker for tobacco exposure (Benowitz, Hukkanen, & Jacob, 2009 ). Cotinine has been reliably detected at high levels (>10 ng/mL) in serum samples from smokers, at low levels (2-10 ng/mL) in serum samples from "light" smokers or those passively exposed to secondhand smoke, and at baseline levels (<2 ng/mL) in samples from individuals with no known smoke exposure (Hanke, Sobala, & Kalinka, 2004; Florescu et al., 2009) .
Prior studies of both actively smoking (Luck, Nau, Hansen, & Steldinger, 1985 ) and passively exposed (Jauniaux, Gulbis, Acharya, Thiry, & Rodeck, 1999) pregnant women document that nicotine and/or cotinine not only pass into the fetal compartment (Jordanov, 1990) but concentrate there. Whether this pattern reflects active concentration of nicotine metabolites across the placenta, or a lower turnover rate in the fetal compartment, remains unknown. Either way, this observation raises the alarming possibility that for any given level of maternal nicotine exposure, the fetal exposure, and therefore the fetal metabolic consequences, may be compounded.
To test this hypothesis, we conducted high-resolution untargeted metabolomic analysis of 81 pairs of maternal serum and amniotic fluid samples collected from women in the second trimester of pregnancy. During most of the second trimester, the fetal skin remains unkeratinized, allowing for rapid and bi-directional diffusion across the fetal skin and surfaces of the umbilical cord, placenta, and amnion. The composition of amniotic fluid is therefore similar to that of fetal plasma during this time (Underwood, Gilbert, & Sherman, 2005) , and metabolites found in amniotic fluid collected during the second trimester can serve as a good indicator of metabolic status of the fetal compartment.
We compared the pathway profiles of samples characterized by maternal serum cotinine level and found clear perturbations that associated with maternal cotinine in the range of 2-10 ng/mL. Our data therefore confirmed that even low-level nicotine exposure associates with significant changes in fetal metabolism related to aspartate and asparagine metabolism, pyrimidine metabolism, and amino group metabolism, and these perturbations show striking overlap with the dysregulated pathways previously observed in the sera of actively smoking adults (serum cotinine >10 ng/mL). Although this is an implied causality framework in which the associations do not establish a cause-effect relationship, the results presented here are both compelling and disturbing, and extend from previous studies to provide a first glimpse into potential mechanisms of fetal consequence following even low-level maternal exposure to nicotine.
Materials and methods

Paired maternal serum and amniotic fluid samples from women with karyotypically normal pregnancies
We conducted this study using 81 pairs of second-trimester amniotic fluid and matched maternal serum samples collected in the US between 2004-2014; these samples derived from pregnant women who underwent amniocentesis and prenatal testing and whose results confirmed normal fetal karyotype (46, XX or 46, XY) . Specifically, samples were obtained as de-identified banked clinical laboratory discards from the Greenwood Genetic Center (GGC, Greenwood, SC, USA), which served as a referral lab for the samples. All women whose samples were used in this study had previously consented to have their de-identified clinical sample leftovers made available for research.
Of the 81 women whose samples we studied here, 62 had been referred for amniocentesis and testing due to an increased risk of Down syndrome (often because of a positive screening result), and 19 were referred due to advanced maternal age. For all paired samples, we were provided the following information: maternal age at serum collection, gestational age at the time of both serum and amniotic fluid collection, serum and amniotic fluid collection year, maternal race/ethnicity, reason for referral, maternal self-reported smoking status, fetal gender, and fetal karyotype. Of note, the 81 pairs of samples used in this study were selected from a larger set to serve as matched controls for a separate study of chromosomally abnormal pregnancies.
Individual samples were collected at the location of the woman's referring physician or laboratory and transported the same day, or overnight, at ambient temperature to the prenatal testing laboratory at GGC. Maternal serum samples were collected most commonly in Becton-Dickinson (BD) red top, red/black top (serum separator, SST), or gold top (SST) vacutainer tubes. Amniotic fluid samples were collected in standard BD plastic syringes and transported in clear or amber polystyrene tubes. Upon arrival in the laboratory at GGC all samples were inspected for correct identification, sample type, and sample condition, and each received a unique sample identification number in compliance with accession protocols.
Serum samples were received at GGC either as isolated serum, which had been previously removed from the red blood cell clot by centrifugation, or as a clotted whole blood sample.
Clotted whole blood samples were centrifuged at 2200 rpm for 10 minutes and the serum transferred to polypropylene vials for storage. Serum samples were stored at 2-8°C for up to 48 hours before clinical testing and then frozen at −20°C (± 10°C) for long-term storage. Amniotic fluid samples received in the cytogenetic laboratory were centrifuged at 1000 rpm for 10 minutes. The supernatant was removed and maintained at −20°C (± 10°C) for longterm storage.
The maternal serum and amniotic fluid samples selected for this study were thawed, aliquotted to fresh vials, and shipped on dry ice to Emory University by overnight courier. At Emory, the samples were stored at −80°C and then thawed and subjected to liquid chromatography-mass spectrometry (LC-MS), as described below.
High-resolution liquid chromatography-mass spectrometry
Sample analysis was performed as previously described Soltow et al., 2013) . Serum samples were analyzed with three technical replicates on a Thermo Scientific LTQ Velos Orbitrap mass spectrometer, coupled with dual liquid chromatography, alternating data collection between HILIC and C 18 columns. Analyses were performed with positive electrospray ionization mode, an injection volume of 10 μL, mass-to-charge ratio (m/z) scan range of 85 to 2,000, and resolution of 60,000 (FWHM). Serum samples were randomized and run in batches of 20, with pooled reference plasma (Q-Standard) samples analyzed prior to and following each batch to enable quality control and metabolite quantification, as described previously (Go, Walker, et al., 2015) . Data extraction was performed using apLCMS (Yu, Park, Johnson, & Jones, 2009 ) and xMSanalyzer (Uppal et al., 2013) . Amniotic fluid samples were processed and analyzed separately from serum samples but under parallel protocols. We performed principal component analysis (PCA) to evaluate potential batch effects (Yang et al., 2008) and corrected for these effects, where necessary, using ComBat (Johnson, Li, & Rabinovic, 2007) and xMSanalyzer.
The resulting data matrices contained individual features defined by accurate mass m/z, retention time (RT), and ion intensities. We averaged the non-zero intensities of technical replicates and performed log 2 transformation. Confirmed metabolite identities were based on accurate mass m/z, coelution with authentic standards, and MS/MS criteria (Go, Liang, et al., 2015; Go, Walker, et al., 2015; Jones et al., 2016) . To compare the global metabolic profiles of serum and amniotic fluid, we generated additional tentative matches for all m/z features to metabolites in the Kyoto Encyclopedia for Genes and Genomes (KEGG) database (Kanehisa & Goto, 2000) using xMSannotator , restricting matches to adducts M+H and M+Na with mass error within ±10 ppm. We identified overlapping metabolites across data sets from the same column using m/z (±10 ppm) and retention time (±30 seconds) using xMSanalyzer.
Quantification of maternal serum cotinine levels and sample pair categorization
The LC-MS peak of cotinine (m/z = 177.1014, RT = 174 seconds) was confirmed by comparing m/z and retention time against the cotinine chemical standard run on the C 18 column with MS/MS confirmation . The corresponding peak from the HILIC column was identified by matched m/z and correlation of intensities with C 18 analyses. The raw intensities of cotinine separated by the C 18 and HILIC columns were highly correlated within individual samples (Pearson's r = 0.86, maternal serum; Pearson's r = 0.90, amniotic fluid). The absolute concentration of cotinine in each sample was calculated by reference standardization (Go, Walker, et al., 2015) using the concentration (0.0197 μM) in the Q-Standard pooled reference plasma, which was run together with each batch of samples in this study, as previously described (Go, Walker, et al., 2015) . A twosided t-test showed that the calculated levels of cotinine in the maternal serum samples did not differ significantly between the C 18 and HILIC-derived data sets (p = 0.19).
Subjects were classified according to serum cotinine thresholds of 2 ng/mL, indicative of low-level exposure from light smoking or secondhand smoke, and 10 ng/mL, indicative of smoking (Hanke, Sobala, & Kalinka, 2004; Jones et al., 2016; Misra & Nguyen, 1999) . Fifteen samples with cotinine levels close to the defined cutoffs that fell into different exposure groups between chromatography columns were excluded from the primary analysis. These samples were, however, included in an additional sensitivity analysis where serum cotinine levels of all 81 samples derived from the HILIC column were not dichotomized and instead were treated as a continuous variable.
Statistical analyses
We summarized the clinical and demographic characteristics of our study volunteers using descriptive statistics and compared these between cotinine exposure groups (classified 
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Author Manuscript according to measured maternal serum cotinine as explained above) using the nonparametric two-sided Fisher's exact test for categorical variables, including maternal race/ ethnicity, fetal gender, and collection year (2004-2008-2009-2014) . For continuous variables, including maternal age and gestational age, we used the two-sided Mann-Whitney U-test.
We filtered LC-MS features from both the C 18 and HILIC columns to retain only those with at least 80% non-zero values across samples of one or more cotinine groups. We obtained covariate-adjusted intensities for each of our four data sets (serum [C 18 and HILIC columns], amniotic fluid [C 18 and HILIC columns]) using residuals from linear regression against relevant potential confounders identified by the two-sided tests described above.
We performed initial PCA on the preprocessed, covariate-adjusted feature intensities to visualize the variation in feature intensity profiles across all study samples (Jolliffe, 2002) . Next, we conducted feature selection using partial least squares discriminant analysis (PLSDA), a supervised, multivariate statistical technique that seeks to maximize the covariance between exposure groups and the intensity profiles of the samples (Wold, Sjöström, & Eriksson, 2001) . The top features from the PLSDA model were selected by the variable importance in projection (VIP) scores (VIP ≥ 2) and further evaluated by Support Vector Machines using 10-fold cross-validation. We performed hierarchical cluster analysis (HCA) using the R computing environment (R Core Team, 2015).
Pathway analysis and annotation of significant features
Features identified from the PLSDA model, described above, as discriminating between cotinine exposure groups by a VIP score of ≥2 were selected for use in pathway enrichment analysis using Mummichog (Li et al., 2013) . Pathways were considered to differ between groups for p ≤ 0.05. We further augmented Mummichog output by annotating features selected by PLSDA using xMSannotator , first obtaining putative matches to known metabolites in the Human Metabolome Database (HMDB) (Wishart et al., 2007) on the basis of accurate mass m/z, with a mass error threshold of ±10 ppm (Level 5 identification using criteria of (Schymanski et al., 2014) ). When searching HMDB, we considered multiple adducts (e.g., M+Na, M+H, M+H-H2O, M+ACN+H, M+2Na-H, 2M +H, M+2H, 2M+Na, M+NH4, 2M+ACN+H, M+H-2H2O, M+ACN+Na). We then used xMSannotator's multilevel scoring algorithm to assign confidence levels to all annotations and accepted levels 2 (medium confidence) and 3 (high confidence).
Results
Categorization of study samples by maternal nicotine exposure level
We detected non-zero cotinine levels in all maternal serum samples (n = 81) analyzed by both C 18 and HILIC chromatography and classified sample pairs according to previously defined cutoffs: high-level nicotine exposure (>10 ng/mL), low-level exposure (2-10 ng/ mL), and minimal to no exposure (<2 ng/mL). For 66 samples (81.5% of our total), exposure classification was unambiguous; of these, 47 (71.2%) were categorized as minimally or not exposed ( 
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Author Manuscript categorized as low-level exposed (median cotinine = 4.971 ± 3.979 ng/mL). Please see Supplemental Figure 1 for a comparison of cotinine-derived exposure classifications and self-reported maternal smoking habits. Of the 47 women categorized by serum cotinine level as minimally or not exposed, we had self-reported smoking status information for 46, and all self-reported as non-smokers. Of the 18 women categorized by serum cotinine as low-level exposed, 15 self-reported as light smokers and three self-reported as non-smokers. Only one subject had a serum cotinine level consistent with smoking and was excluded from further study. Of note, this woman had self-reported as a non-smoker. The 15 samples with cotinine levels that fell at the border between groups, making classification ambiguous, were excluded from categorical analysis but used in a follow-up sensitivity analysis in which maternal serum cotinine was used as a continuous variable, as described below.
Characteristics of the remaining study population (n = 65) are summarized in Table 1 and the corresponding LC-MS peak intensity matrices are provided in Supplemental Table 1A (amniotic fluid peaks from the C 18 column), Supplemental Table 1B (amniotic fluid peaks from the HILIC column), Supplemental Table 1C (maternal serum peaks from the C 18 column), and Supplemental Table 1D (maternal serum peaks from the HILIC column). Of these samples, 63 were collected in the second trimester, and two were collected early in the third trimester (29.5 and 30 weeks gestation); for simplicity, conclusions are therefore expressed in the context of second trimester collection. The median length of time between serum and amniotic fluid collection for these 65 women was 16 days; however, amniocentesis preceded maternal serum collection by one week for two subjects.
Most available subject characteristics, including fetal gender, collection year, maternal age, and gestational age at serum collection, were similar across the two exposure groups. However, maternal race/ethnicity and gestational age at amniocentesis differed significantly (p < 0.05). Specifically, all but one of the low-level exposed mothers were Caucasian, compared with less than half (44.7%) of the minimally or not exposed mothers. Further, amniotic fluid samples were collected about 2 weeks later in gestation from low-level exposed women (median = 21.4 ± 3.7 weeks) than from minimally or not exposed women (19.3 ± 3.4 weeks).
Mapping maternal serum and amniotic fluid features to KEGG metabolic pathways
Feature matching between HILIC maternal serum and amniotic fluid showed 3,918 features common to both matrices (Fig. 1) . To explore the global metabolic differences between maternal serum and amniotic fluid samples, we first mapped the 12,884 metabolite features in maternal serum and the 8,541 metabolite features in amniotic fluid detected by HILIC chromatography to known compounds and pathways in the KEGG database. In serum, we found tentative matches for 6,366 unique KEGG compounds and of these 634 compounds mapped to 188 human pathways. In amniotic fluid, we found tentative matches for 5,988 unique KEGG compounds, and of these 648 compounds mapped to 200 distinct KEGG human pathways. Among metabolic pathways, we saw greater baseline representation of matches to amino acid and carbohydrate metabolism in the amniotic fluids compared to maternal sera, while serum matches showed greater global representation of lipid metabolism (Supplemental Figure 2) . 
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Metabolic association with low-level maternal nicotine exposure reveals dysregulated amino acid pathways in amniotic fluid
Of the features detected in amniotic fluid by C 18 and HILIC chromatography, 3,097 and 6,369, respectively, were present in ≥80% of all samples from either exposure group. To identify those features contributing to differences between the minimally or not exposed (maternal serum cotinine <2 ng/mL) and low-level exposed (maternal serum cotinine 2-10 ng/mL) groups, we applied PLSDA after adjusting feature intensities for maternal race/ ethnicity and gestational age. We selected the 145 C 18 features and 201 HILIC features with VIP ≥ 2 and assessed 10-fold CV accuracy of these discriminatory features using balanced classification rate (BCR) due to the unbalanced group sizes. This analysis confirmed that while both sets of data effectively discriminated the classes, the PLSDA-selected HILIC features performed better (mean balanced classification rate was 88 for HILIC and 70 for C 18 ).
Approximately two-thirds of the 201 discriminatory HILIC features were positively associated with low-level maternal nicotine exposure ( Fig. 2A) , and the expression patterns of 94% of the exposed samples clustered separately from the minimally or not exposed samples. Manhattan plots (Fig. 2B ) illustrated that most of the top features had m/z <500 and retention time <350 seconds. Group-wise average intensities, fold change, and VIP score of selected features are provided in Supplemental Table 2 .
We used Mummichog (Li et al., 2013) to map the discriminatory features in amniotic fluid to metabolic pathways. The resulting set of dysregulated pathways (Table 2) showed considerable overlap with results from a prior study that applied metabolomic analysis to adult serum samples from members of the US armed services obtained from the Department of Defense Serum Repository (DoDSR) . Of note, five of the top nine pathways altered in sera from military personnel categorized as smokers (serum cotinine ≥ 10 ng/mL) versus light or non-smokers (serum cotinine <10 ng/mL) were also disrupted in the amniotic fluid samples from women showing low-level exposure to nicotine (serum cotinine 2-10 ng/mL). These included aspartate and asparagine metabolism, pyrimidine metabolism, urea/amino group metabolism, arginine and proline metabolism, and xenobiotic metabolism. Interestingly, most pathways overlapping with the DoDSR study seen in our amniotic fluid samples were not also seen in our maternal serum samples ( Table 2) , confirming that the metabolomic consequences of low-level nicotine exposure were compounded in the fetal compartment.
As a follow-up sensitivity analysis, we performed PLS regression using the original set of all 81 amniotic fluid samples with maternal serum cotinine concentration included as a continuous variable, as described above. Metabolic pathways identified as significantly perturbed in the amniotic fluid in association with higher maternal serum cotinine levels from this analysis ( Supplemental Table 3 ) were consistent with those presented in Table 2 .
Within the pathway identified as most significantly perturbed in amniotic fluid in association with low-level maternal nicotine exposure --aspartate and asparagine metabolism --we observed decreased N1,N12-diacetylspermine, acetylspermidine, and N1-acetylspermine, while other metabolites such as adenosine monophosphate (AMP) were increased. Other 
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Author Manuscript representatives of nucleic acid metabolism (matches to thymidine and cytosine) were decreased in amniotic fluid in association with low-level maternal nicotine exposure, while a feature matching cytidine triphosphate was increased. Among differentially expressed confirmed amino acids, we observed decreased proline and increased arginine in association with low-level nicotine exposure, and all m/z matches to pathways of xenobiotic metabolism showed increased intensity with exposure. Box plots of representative metabolites from dysregulated pathways are shown in Fig. 3 .
Low-level nicotine exposure associates with inflammatory pathways in maternal serum
To assess the impact of low-level nicotine exposure on the maternal serum metabolome, we analyzed the 6,010 features from the C 18 column and 9,596 features from the HILIC column detected with 80% minimum presence in maternal serum samples of either exposure group. We performed PLSDA after first adjusting feature intensities for maternal race/ethnicity, resulting in 227 features from C 18 and 406 features from HILIC with VIP ≥ 2 (Supplemental Table 2 ). Expression patterns of these features within both exposure groups were variable, and in sharp contrast to the amniotic fluid samples, hierarchical cluster analysis did not achieve clear separation between the two exposure groups (Supplemental Figure 3 and Supplemental Figure 4 ).
We again used Mummichog (Li et al., 2013) to investigate which, if any, metabolic pathways were perturbed in our cohort of low-level nicotine exposed mothers relative to non-or minimally exposed mothers. This analysis demonstrated that leukotriene metabolism is the most affected pathway, with 16 of the 48 mapped features having VIP ≥ 2. All top pathways in maternal serum (bottom panel of Table 2 ) including leukotrienes, linoleates and eicosapentaenoic acid derived metabolites, are involved in inflammation. Recent literature also increasingly suggests the involvement of porphyrin/heme metabolism, retinol and vitamin E metabolism in the immune system (Erkelens & Mebius, 2017; Soares & Hamza, 2016) . These data confirm that the mothers exposed to low-level nicotine showed increased inflammatory activities.
Discussion
The growth of exposomics in recent years has generated tremendous momentum in the identification and analysis of both rare and common environmental exposures. In this study, we applied the power of high-resolution metabolomics to explore the metabolic impact of one of the best-studied environmental exposures, nicotine, on one of the most vulnerable populations, the developing human fetus (Barr, Bishop, & Needham, 2007) . We found that maternal serum cotinine levels consistent with low-level nicotine exposure associate with significant metabolic perturbations in amniotic fluid. Elucidating the metabolomic consequence of low-level maternal nicotine exposure on amniotic fluid marks an important step toward uncovering the mechanism of impact of light maternal smoking or secondhand smoke exposure on fetal development and birth outcomes.
Our pathway analysis of amniotic fluid samples showed dysregulated metabolism of both amino and nucleic acids in association with low-level maternal nicotine exposure, with the most affected pathways involving aspartate, asparagine, and pyrimidines. These pathways were also identified as significant when we conducted a separate PLS analysis of our full set of 81 amniotic fluid samples using maternal serum cotinine level as a continuous response variable ( Supplemental Table 3 ) rather than as a categorical exposure variable.
These findings are markedly similar to results from a recent study that explored the impact of smoking, defined by serum cotinine concentrations of >10 ng/mL, on metabolomic profiles in de-identified serum samples from the DoDSR . Specifically, five of nine metabolic pathways found to be dysregulated in the sera of smokers from the DoDSR were also perturbed in amniotic fluid samples from pregnant women showing only low-level nicotine exposure. Given that these women all had <10 ng/mL cotinine in their serum it is not surprising that we did not see comparable overlap of dysregulated pathways in the maternal serum samples. Gender composition of the sample cohorts might also have played a role here; all of the serum samples in our study were collected from women, but 81% of the DoDSR samples were from men.
Our findings described here extend from prior reports that concentrations of nicotine metabolites in amniotic fluid exceed those found in the corresponding maternal serum (Ruhle, Graf von Ballestrem, Pult, & Gnirs, 1995) . Specifically, we demonstrate that the metabolic consequences of exposure are also compounded in the fetal compartment. This is a compelling result, but also complex. For example, of the overlapping pathways perturbed in our exposed amniotic fluid samples and also in the sera of DoDSR smokers , the individual metabolites implicating these pathways were sometimes distinct between the sample types. Further, for some metabolites such as arginine that were clearly altered in both sample types, the direction of perturbation sometimes differed. This may reflect the distinct composition of adult serum versus second trimester amniotic fluid and potentially also the distinct kinetics of some metabolic reactions in these sample types. Given that the serum and amniotic fluid samples were run in separate batches over both the C 18 and HILIC columns, it is also possible that technical factors beyond our control differed between the runs. Finally, considering that the predominant pathways we found altered between exposure groups in maternal serum samples related to inflammation, that these pathways did not also show up as significantly altered in amniotic fluid may reflect the immunological privilege of the fetal compartment (Weetman, 1999) . Further research will be needed to more thoroughly explore all of these points.
Although research over the past fifty years has built an undeniable case documenting that both maternal smoking and secondhand smoke exposure associate with negative birth outcomes, the biological mechanisms underlying these associations remain largely unknown. By applying the power of untargeted metabolomics we have begun to identify candidate explanations. For example, of the dysregulated metabolic pathways in our amniotic fluid samples of low-level nicotine exposed mothers, we note that at least three -aspartate and asparagine metabolism, arginine and proline metabolism, and methionine metabolism --impact pathways that include polyamines, a class of compounds recognized as critical in fetal development (Lefevre, Palin, & Murphy, 2011) . One m/z feature in our amniotic fluid data set that matched with high confidence to N1,N12-diacetylspermine (DiAcSpm) showed strong association with low-level maternal nicotine exposure. DiAcSpm and its metabolic precursor, N1-acetylspermine, are catabolized from spermine by the 
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Author Manuscript regulatory enzyme spermidine/spermine N1-acetyltransferase (SSAT1) (Park & Igarashi, 2013) . These acetylated spermines, along with a feature matching acetylspermidine, were significantly decreased in the amniotic fluids from women in our study cohort exposed to low-level nicotine. Altered enzymatic activity in de novo polyamine synthesis offers one potential explanation for these observations. Further, previous studies in rat have documented that inhibiting the activity of ornithine decarboxylase (ODC), which synthesizes the precursor of spermidine, results in fetal intrauterine growth restriction and decreased placental weight (Ishida, Hiramatsu, Masuyama, Mizutani, & Kudo, 2002) , two phenotypes clearly reminiscent of the negative birth outcomes associated with maternal exposure to direct or secondhand smoke in humans.
While powerful, our study had a number of important limitations. These included the limited number of usable sample pairs (65) in our categorical analyses and the limited information we had available on each. Our study cohort also demonstrated differences in racial distribution between the exposure groups, such that African American women constituted 36% of the minimally or not exposed group, but only 6% of the exposed group. Supplemental Figure 5 shows the distribution of cotinine intensities across both sample types and chromatography columns by maternal race. Given that African Americans tend to metabolize and clear nicotine more slowly than Caucasians (Perez-Stable, Herrera, Jacob, & Benowitz, 1998) , this is unlikely to explain the racial disparity in our cohort. To explore the possible impact of maternal race on our results, we conducted a sensitivity analysis by which feature selection and pathway analysis were repeated for amniotic fluid samples from Caucasian mothers only (n = 38); all fetal pathways listed as significantly perturbed in association with higher cotinine levels in Table 2 again achieved p<0.05 in this analysis ( Supplemental Table 4 ), confirming the effect was not determined by race.
Another limitation of our study stems from the reality that while we could accurately quantify the level of cotinine in a woman's serum, we could only guess at the true source of her nicotine exposure. According to prior research (Hanke, Sobala, & Kalinka, 2004; Jones et al., 2016; Misra & Nguyen, 1999) , serum cotinine levels between 2-10ng/mL may be indicative of maternal exposure to secondhand smoke. In our cohort, we found that of the 18 women whose serum cotinine fell within this range, 15 self-reported as smokers and three self-reported as non-smokers (Supplemental Figure 1) . These three self-reported nonsmokers might have been exposed to secondhand smoke or may have encountered nicotine through an alternate route, such as a nicotine patch or nicotine chewing gum (Shipton et al., 2009) . Not knowing the true source of the exposure, and having data from only a single time-point for each woman, limits our interpretation of results.
Finally, as an observational rather than interventional study, our results tested association between maternal serum cotinine level and metabolomic patterns in amniotic fluid, but we did not have the power to test causation. It is therefore possible that some exposure or factor other than nicotine, but associated with nicotine in our study cohort, caused the metabolic differences we observed. Future studies will be required to test this possibility. 
Conclusions
Our results presented here reveal a complex and extensive set of compounds and metabolic pathways perturbed in second-trimester amniotic fluid in association with low-level maternal exposure to nicotine. We further note a strong overlap between the dysregulated pathways in amniotic fluid reported here, including aspartate and asparagine metabolism, pyrimidine metabolism, and urea/amino group metabolism, with pathways previously shown to be perturbed in the sera of adult smokers. The directionality of these changes suggested a pronounced decrease in specific polyamines known to play a crucial role in fetal development. Our results highlight the importance of accounting for even low maternal nicotine exposure in studies of the prenatal exposome. Our results further lay a foundation for targeted metabolomic studies of relevant pathways aimed at defining the extent to which the metabolic consequence of low-level maternal nicotine exposure in the fetal compartment mirrors that of smoking in adults.
Highlights
• low-level maternal exposure to nicotine leads to significant metabolic disturbance in amniotic fluid
• amniotic fluid perturbations of low-level nicotine exposed mothers mirror changes seen in serum of actively smoking adults • perturbed pathways include asp/asn, pyrimidine, and amino group metabolism Box plots of representative amniotic fluid metabolites with differential abundance between maternal cotinine exposure groups. All metabolites were identified either by confirmed m/z and retention time or by xMSannotator confidence ≥2. Abbreviations: AMP, adenosine monophosphate. Table 1 Characteristics of study subjects categorized by maternal exposure to nicotine. Table 2 Metabolic pathways identified as perturbed in amniotic fluid and maternal serum from women categorized as low-level exposed to nicotine versus minimally or not exposed. Pathways listed here all had Mummichog pvalue < 0.05 and at least four overlap metabolites. Pathway size indicates the number of metabolites detected for each pathway. Overlap size indicates the number of metabolites that were found to differ significantly between low-level exposed and minimally or not exposed subjects. 
